Background
==========

The use of heat for both therapeutic and preventive purposes dates back to 124 BC with the introduction by Asclepiads, a Greek physician \[[@b1-medscimonit-19-257]\]. Temperature is sensed in blood vessels through the TRP receptors and transient receptor potential channels, or TRP channels, are responsible for managing the body's response to various stimuli, such as change in temperature \[[@b2-medscimonit-19-257]--[@b6-medscimonit-19-257]\]. One type of TRP channel is the TRPV channel, in which the V stands for vanilloid \[[@b6-medscimonit-19-257]--[@b10-medscimonit-19-257]\]. All TRPV1--4 channels are non-selective cation channels, moderately permeable to calcium, and are temperature sensitive \[[@b6-medscimonit-19-257],[@b10-medscimonit-19-257]--[@b15-medscimonit-19-257]\].

TRPV1 was first isolated and named in 1997 as a capsaicin receptor \[[@b16-medscimonit-19-257]--[@b18-medscimonit-19-257]\]. It has been found that TRPV1 is found in greatest number in sensory neurons. TRPV1 is a heat sensor, and is activated by heat, specifically temperatures \>42°C \[[@b16-medscimonit-19-257],[@b18-medscimonit-19-257]--[@b20-medscimonit-19-257]\]. TRPV4 is expressed in epidermal keratinocytes \[[@b15-medscimonit-19-257]\]. While TRPV4 can be activated by warmth, it can also be activated by hypo-osmolarity \[[@b18-medscimonit-19-257],[@b21-medscimonit-19-257]--[@b23-medscimonit-19-257]\].

The mechanism of the response of heat is two-fold. When skin is exposed to a temperature above 42°C, there is an immediate increase in circulation, controlled by sensory nerves in the skin \[[@b24-medscimonit-19-257]--[@b26-medscimonit-19-257]\]. This is mediated by TRPV1 calcium channels increasing calcium permeability, which then causes neuropeptides to be released, resulting in vasodilatation from the relaxation of smooth muscle \[[@b27-medscimonit-19-257]--[@b29-medscimonit-19-257]\]. This vasodilatation occurs to protect the skin in the event of a rapid change in temperature that may damage the skin \[[@b30-medscimonit-19-257]--[@b32-medscimonit-19-257]\]. Prolonged vasodilatation with exposure to heat occurs due to the influx of calcium and activation of nitric oxide synthetase mediated by TRPV4 channels on vascular endothelial cells \[[@b24-medscimonit-19-257]--[@b26-medscimonit-19-257]\].

The blood flow response to heat is impaired with ageing and diabetes \[[@b33-medscimonit-19-257]--[@b35-medscimonit-19-257]\]. While this is well documented, much less is known about the blood flow response to free radicals. When the free radical concentration reaches a critical level, rather than increasing blood flow, they biodegrade nitric oxide and prostacyclin, a second vasodilator released from vascular endothelial cells, into inactive forms \[[@b36-medscimonit-19-257]--[@b38-medscimonit-19-257]\]. In the presence of free radicals such as hydrogen peroxide, nitric oxide is reduced to peroxynitrite (ONOO), a free radical with no influence on circulation \[[@b39-medscimonit-19-257]\]. Bioconversion of nitric oxide to peroxynitrite is believed to be one of the mechanisms associated with the reduction in circulation at rest and during stress in older people and people with diabetes and leads to endothelial dysfunction \[[@b39-medscimonit-19-257]\]. In a recent study, free radicals were elevated in Asians after a single high fat meal. This resulted in a diminished blood flow response to heat \[[@b40-medscimonit-19-257],[@b41-medscimonit-19-257]\]. Free radicals are also very high in people who are overweight \[[@b42-medscimonit-19-257],[@b43-medscimonit-19-257]\]. If BMI itself limits the blood flow response to stress such as heat due to high free radicals in the body, and most people with diabetes have a high BMI, some of the damage from diabetes to circulation may be due to the BMI and not diabetes itself. The purpose of the present investigation was to test the hypothesis that high BMI in itself in addition to age are the main elements causing reduced blood flow in people with diabetes. Young and old subjects with low and high BMI were examined and their response to heat was measured. These data were used to establish a multifactor regression equation to predict what blood flow should be in people with diabetes based on their age and BMI. By comparing this to the actual blood flow response to heat, the reduction in blood flow due to diabetes alone could be calculated *vs.* BMI and age.

Material and Methods
====================

Participants in this study were divided into 5 groups. Fifty male and female subjects participated. Ten young people age 18--34 with BMI less than 20 and ten young people with BMI \>20, two groups of ten older subjects aged 35--75 with low and high BMI and 20 subjects with diabetes with high BMI were investigated. The general characteristics of the subjects are given in [Table 1](#t1-medscimonit-19-257){ref-type="table"}. No subjects were smokers and all except the subjects with diabetes were not taking cardiovascular medications and were free of cardiovascular and neurological impairments. The subjects with diabetes were free of heart disease and renal disease and were not taking beta or alpha agonists and antagonists. The average HbA1c was 7.9±2.1. The initial study design was to have a group of low BMI people with diabetes, but, we could not find a matched low BMI group to the older and younger low BMI groups. The BMI was not significantly different in the low younger and low older groups and high BMI young and old groups. But the high BMI groups had significantly higher BMI than the low BMI groups (p\<0.01). All procedures were approved by the Institutional Review Board of Loma Linda University. All participants signed informed consent forms.

Measurement of skin temperature
-------------------------------

Skin temperature was measured with a thermistor (SKT RX 202A) manufactured by BioPac systems (BioPac Inc., Goleta, CA). The thermistor output was sensed by an SKT 100 thermistor amplifier (BioPac Inc., Goleta, CA). The output, which was a voltage between 0 and 10 volts, was then sampled with an analog to digital converter at a frequency of a 1,000 samples per second with a resolution of 24 bits with a BioPac MP150 analog to digital converter. The converted data was then stored on a desk top computer using Acknowledge 4.1 software for future analysis. Data analysis was done over a 5 second period for mean temperature. The temperature was calibrated at the beginning of each day by placing the thermistors used in the study in a controlled temperature water bath which will be calibrated against a standard thermometer.

Measurement of skin blood flow
------------------------------

Skin blood flow was measured with a Moor Laser Doppler flow meter (VMS LDF20, Oxford England). The imager uses a red laser beam (632.8 nm) to measure skin blood flow using the Doppler Effect. After warming the laser for 15 to 30 minutes prior to use, the laser was applied to the skin through a fiber optic probe placed above the knee on the quadriceps ([Figure 1](#f1-medscimonit-19-257){ref-type="fig"}). The probe was a VP12B. The Moor Laser Doppler flow meter measures blood flow through most of the dermal layer of the skin but does penetrate the entire dermal layer. Blood flow is then calculated in a unit called Flux based on the red cell concentration in red cell velocity with a stated accuracy of ±10%. The tissue thickness sampled is typically 1mm in depth.

Control of skin temperature
---------------------------

Skin temperature was controlled by a Moor temperature controller (SH02) with an SHO2-SHP1 skin temperature module which integrated with the blood flow fiber optic probe also shown in [Figure 1](#f1-medscimonit-19-257){ref-type="fig"}. This is a closed loop electric warmer (thermode) where temperature is controlled to 0.1°C.

Measurement of the response to heat
-----------------------------------

The response of the skin to heat was measured by applying the heated probe to the skin for 6 minutes. The thermode was set at a temperature of 44°C. This warmed the skin and blood flow was then recorded.

Procedures
----------

Subjects were interviewed for inclusion and exclusion criteria. Those subjects that were eligible were placed into the study and read and signed a statement of informed consent. Next, subjects rested for 15 minutes while height and weight were taken. Baseline skin blood flow was recorded for 1 minute over the quadriceps. After this period of time, the thermode was applied upon the leg above the belly of the quadriceps muscle to warm the skin to 44°C. The thermode was left on for 6 minutes.

Statistical analysis
--------------------

Data was summarized as means and standard deviations. For comparison, T test, ANOVA and multiple regression and correlations were calculated. The level of significance was set at p=0.05.

Results
=======

The results for the young subjects with low and high BMI are shown in [Figure 1](#f1-medscimonit-19-257){ref-type="fig"}. As shown for the entire young group, blood flow increased slowly at first and then exponentially during the 6 minute heat exposure. However, the blood flow after 1 minute 15 seconds and until the end of the experiment was greater in the low BMI group than the high BMI group (ANOVA p\<0.05). From 1 minute 30 seconds to 3 minutes, the slope of the increase in blood flow per minute was the same in both groups of subjects but the magnitude of the increase was less in the low BMI young group (slope difference was p\>0.05). As an index of the blood flow increase during heat exposure, the total increase in blood flow above the resting blood flow in the last 5 minutes of heat exposure was calculated in this and all groups of subjects. For the younger group, the correlation between BMI and blood flow during the last 5 minutes of heat exposure was −0.64, a significant correlation (p\<0.01) showing that blood flow was reduced as a function of BMI.

The same was true of the older group ([Figure 2](#f2-medscimonit-19-257){ref-type="fig"}). The high BMI older group had a significant impairment in the blood flow response to heat after the first minute that heat was applied. Resting blood flow was not different in the low and high BMI groups (p\>0.05). However, after heat was applied, there was a large difference between these groups. As was seen with the younger group, in the older group, there was a significant negative correlation between BMI and blood flow during the last 5 minutes of heat exposure. The correlation here was −0.73, a significant negative correlation (p\<0.01).

The blood flow during heat exposure was significantly higher in the high BMI younger group than the high BMI older group (p\<0.05). Young and old high BMI groups were also significantly different from each other (p\<0.05) but the younger group had greater blood flows during heat than that seen in the older group (p\<0.05). Thus both ageing and BMI contributed to a lower blood flow response in the last 5 minutes of heat stress.

This relationship is shown in the scatter diagram in [Figure 3](#f3-medscimonit-19-257){ref-type="fig"}. It is a scatter diagram showing all data on the young and old subjects pooled together. The regression equation in the figure shows that BMI had a more significant effect on reducing the blood flow response to heat than did ageing. The multiple correlation coefficients for age and BMI and blood flow showed the correlation with age was −0.397 and for BMI was −0.70. The R^2^ therefore showed that about 16% of the loss in circulation was due to age and 49% due to high BMI. These correlations were both significant (p\<0.01). Using the regression equation, blood flow in the last 5 minutes of heat exposure was measured in the 10 subjects as an average of 178.4 flux in the young low BMI group as would be predicted by the regression equation in [Figure 3](#f3-medscimonit-19-257){ref-type="fig"} to be 164.1 flux. For the young high BMI group, the actual blood flow measured on the 10 subjects was an average of 94.1 flux and was predicted by the regression equation to be 96.0 flux. For the older low BMI group the actual blood flow measured on the 10 subjects averaged 115.2 flux and was predicted by the regression equation to be 116.1 flux in the last 5 minutes after heat exposure. For the old high BMI group, the actual blood flow for the 10 subjects was an average of was 49.3 flux and was predicted by the regression equation to be 49.2 flux. Thus the regression equation was highly predicative of the results seen in these experiments. For the subjects with diabetes, the blood flows were even lower in response to heat. We could not find low BMI subjects with diabetes and therefore only a high BMI group is shown. As can be seen here, diabetes in itself reduced blood flow even further ([Figure 4](#f4-medscimonit-19-257){ref-type="fig"}) for subjects at the same BMI and age as in [Figure 2](#f2-medscimonit-19-257){ref-type="fig"}. However, when using the subject's age and BMI, the equation in [Figure 3](#f3-medscimonit-19-257){ref-type="fig"} predicts the blood flow in the last 5 minutes should be 47.3 flux whereas the actual blood flow in the last 5 minutes averaged, for the 10 subjects in this group, 37.1 flux. The difference is small and supports the idea that only about 20% of the lower blood flow response to heat is due to diabetes itself. The majority of the lower blood flow response to heat is due to high BMI and ageing.

Discussion
==========

Recent studies have shown that a Westernized diet in Asians reduces the skin blood flow in response to heat stress and occlusion due to high concentration of free radicals in blood from the type of fat in the diet \[[@b41-medscimonit-19-257],[@b44-medscimonit-19-257]\]. Administration of antioxidants reversed this impairment even after high fat meals \[[@b44-medscimonit-19-257]--[@b46-medscimonit-19-257]\]. It is also well established that high concentrations of blood born free radicals are found in people with high BMI's \[[@b36-medscimonit-19-257],[@b47-medscimonit-19-257],[@b48-medscimonit-19-257]\]. As people age and especially in people with diabetes, BMI is elevated. And yet, no study has examined the interrelationship between BMI and blood flow in response to stressors such as heat. Since free radicals are high in older people and people who have diabetes, it might be anticipated that diabetes and ageing would have some impact through these free radicals in the blood thereby reducing endothelial function \[[@b25-medscimonit-19-257],[@b26-medscimonit-19-257],[@b42-medscimonit-19-257]\]. Thus the purpose of the present research study was to examine how much reduction in endothelial function was there in people with diabetes: 1) that was due to ageing and, 2) how much was due to BMI and, 3) how much is due to diabetes itself.

The results presented here would appear to confirm this hypothesis. Even young subjects had a reduced blood flow response to heat stress if they had a high BMI. In subjects who had diabetes, we were not able to find a low BMI group. However, for this group of subjects, the differential effects of age and diabetes could be deduced by examining the age matched controls. When the contributions of age and BMI are eliminated from the blood flow response to heat stress, BMI, and diabetes are not equal contributors to impaired endothelial function. By and large, BMI appears to be the major contributor to endothelial dysfunction, ageing contributes a small amount, and the remainder appears to be due to diabetes and poor glycemic control.

Suggested ways to reduce this endothelial damage is a lifestyle change with an increase in exercise and a reduction of body weight \[[@b49-medscimonit-19-257]\]. Exercise has been shown to increase free radicals during the actual exercise but, with training, appears to optimize the immune response, thereby, producing an overall reduction in body inflammation \[[@b49-medscimonit-19-257]\]. Another approach would be to increase the intake of antioxidants. This has been shown to increase blood flow to tissue in even a young population \[[@b46-medscimonit-19-257],[@b50-medscimonit-19-257],[@b51-medscimonit-19-257]\]. However, this is especially true and significant with high fat diets in populations such as Asians who have a poor tolerance for high fat foods and thus produce free radicals after even a single high fat meal \[[@b40-medscimonit-19-257],[@b46-medscimonit-19-257],[@b51-medscimonit-19-257]\]. When Asians took antioxidants there was an increase in their blood flow in response to heat stress and occlusion in spite of the high fat meal \[[@b44-medscimonit-19-257]\]. Also, even a simple change in diet, for example, drinking green tea or taking green tea extract has been shown to reduce cellular inflammation by blocking the activation of NFKb, the nuclear sub transmitter that activates inflammation in cells\[[@b52-medscimonit-19-257],[@b53-medscimonit-19-257]\]. In addition, there are also many other sources of free radical scavengers in the diet.

However, it should be stated that free radicals are also used for cellular communication, including in muscle during exercise \[[@b54-medscimonit-19-257]\]. Red blood cells release nitric oxide (a fee radical) to increase the diameter of arteries if they encounter high shear stresses \[[@b55-medscimonit-19-257]\]. Endothelial cells release nitric oxide in response to heat and other stressors to increase circulation \[[@b50-medscimonit-19-257]\]. The mitochondria in muscle release nitric oxide to increase energy delivery to the cell through increased blood flow if the mitochondria are active \[[@b48-medscimonit-19-257],[@b49-medscimonit-19-257]\]. Thus, free radicals are critical for cell function. Therefore, an overdose of anti-oxidants such as vitamins A, C and E can impair exercise performance \[[@b56-medscimonit-19-257]\]. Thus the dosage of antioxidants must be given in response to the excess free radicals found in the body. For even young people with a high BMI, one dose is needed in the diet or with supplements of antioxidants while for people with diabetes and those who have high BMI and who are older, a much greater dosage should be considered for every day. This would explain various studies showing no effect of antioxidants in younger people who are thin but increased endothelial function in younger people with a high BMI. Endothelial function in older people also seems to improve with antioxidant dosage, again supporting this hypothesis that it is free radicals that reduce endothelial function \[[@b57-medscimonit-19-257]\]. Further research needs to be conducted on the dosage *vs.* diabetes and age of various antioxidants including vitamin D, an emerging modulator of the immune mechanisms \[[@b58-medscimonit-19-257]\]. Vitamin D deficiency is associated with endothelial dysfunction \[[@b58-medscimonit-19-257]\]. Current government recommended dosages of vitamins do not take into consideration age, race, or diabetes. Race also contributes to increased free radicals. Due to thrifty genes, Asians produce abnormally high free radicals in their blood in response to high fat foods \[[@b44-medscimonit-19-257]\]. But the effect of ageing and diabetes in Asians has not been examined. It would appear that with a Westernized diet, this group would need even higher antioxidants in their diets. Therefore, further research is needed to enhance these significant preliminary findings and elaborate on the issues of accurate and appropriate anti-oxidant supplementation for different races, age categories and even chronic disease states (diabetes, CVD) so appropriate lifestyle adjustments can be recommended.

Conclusions
===========

1.  Ageing and diabetes are associated with impairment in vascular endothelial function.

2.  Thus the blood flow response to stressors such as heat or occlusion is reduced with ageing and diabetes as well as blood flow to other organs.

3.  The present investigation shows that the majority of this impairment is due to body fat and not ageing and diabetes itself.

4.  The damage we associate with ageing is probably largely due to high concentrations of free radicals damaging the endothelial cells due to obesity.

5.  Thus even young people with a high BMI show significant damage to vascular endothelial function.

**Source of support:** Departmental sources

![The average blood flow in the skin above the quadriceps muscle in 10 young subjects with low BMI and 10 with high BMI at rest, during 6 minutes of exposure to heat and for 2 minutes after heat exposure. All points are the mean ± the standard deviation.](medscimonit-19-257-g001){#f1-medscimonit-19-257}

![The average blood flow in the skin above the quadriceps muscle in 10 older subjects with low BMI and 10 with high BMI at rest, during 6 minutes of exposure to heat and for 2 minutes after heat exposure. All points are the mean ± the standard deviation.](medscimonit-19-257-g002){#f2-medscimonit-19-257}

![The average blood flow in the skin above the quadriceps muscle in 20 young subjects with low and high BMI and 20 older subjects with low and high BMI during the last 5 minutes of heat exposure. Data for blood flow is shown compared to age and BMI. The regression equation relates blood flow to age and BMI and is calculated by the method of least squares.](medscimonit-19-257-g003){#f3-medscimonit-19-257}

![The average blood flow in the skin above the quadriceps muscle in 10 subjects with diabetes with high BMI. Data is shown at rest, during 6 minutes of exposure to heat and for 2 minutes after heat exposure. All points are the mean ± the standard deviation.](medscimonit-19-257-g004){#f4-medscimonit-19-257}

###### 

General characteristics of the subjects.

                      Weight (kg)   Height (cm)   BMI     Age (yrs)   
  ------------------- ------------- ------------- ------- ----------- ------
  Young Low BMI       Mean          54.0          165.8   19.6        25.0
  SD                  8.2           7.9           1.9     3.1         
  Young High BMI      Mean          81.7          168.4   28.8        26.2
  SD                  11.5          8.4           3.3     2.7         
  Older Low BMI       Mean          57.7          167.9   20.2        58.6
  SD                  10.1          9.2           1.6     13.7        
  Older High BMI      Mean          84.7          166.1   30.3        55.4
  SD                  20.3          8.8           4.4     12.2        
  Diabetes High BMI   Mean          91.5          172.7   30.9        64.7
  SD                  18.7          12.4          7.4     6.5         
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